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Abstract— In this letter, we present experimental investigations
of multidimensional multilevel carrierless amplitude phase (CAP)
modulation with directly modulated vertical cavity surface-
emitting lasers. The signals are transmitted over 20 km of
standard single-mode fiber (SSMF). For multilevel 3-D-CAP,
bit rates of 468.75 and 937.5 Mb/s are achieved at two
levels/dimension and four levels/dimension, respectively. For
4-D-CAP, bit rates of 416.67 and 833.3 Mb/s are achieved at two
levels/dimension and four levels/dimension, respectively. For all
signals, a bit-error rate below the forward error correction limit
of 2.8 × 10−3 for error-free reception is achieved after 20 km of
SSMF transmission. Spectral efficiencies of 2.68 and 2.08 b/s/Hz
are reported for 3-D-CAP and 4-D-CAP, respectively. We believe
that multidimensional modulation formats represent an attractive
solution for providing more flexibility for optical fiber systems.
Index Terms— Carrierless amplitude and phase, multilevel
multidimensional modulation, vertical-cavity surface-emitting
laser (VCSEL) optical communication.
I. INTRODUCTION
CARRIERLESS amplitude-phase (CAP) modulation is anadvanced modulation format that has been proposed
for copper wires as early as 1975 [1]. CAP is a multi-
dimensional and multi-level signal format employing orthog-
onal waveforms; one for each dimension. These waveforms
are obtained from frequency domain filters with orthogonal
impulse responses. In its principle, it is akin to quadrature
amplitude modulation (QAM) in the sense that both CAP and
QAM supports multiple levels and modulation in more than
one dimension. Contrary to QAM, however, CAP does not
require the generation of sinusoidal carriers at the transmitter
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Fig. 1. 3-D-CAP with different L/D. (a) 2 L/D. (b) 4 L/D.
and the receiver. Additionally, CAP supports modulation in
more than 2 dimensions, provided that orthogonal pulse shapes
can be identified [2]. This possibility of multi-dimensional
modulation makes CAP an attractive modulation format to
support multiple services for next generation access networks
and in-home networks [3].
3-D-CAP signal constellation with 2 levels/dimension
(2 L/D) and 4 levels/dimension (4 L/D) are shown in
Fig. 1. The relationship between L/D, bits/symbol and total
number of levels are shown in Table I. For 3-D-CAP,
the 2 L/D corresponds to 3 bits/symbol and 4 L/D corre-
sponds to 6 bits/symbol. For 4-D-CAP, 2 L/D corresponds
to 4 bits/symbol and 4 L/D corresponds to 8 bits/symbol.
For 4-D-CAP, there is no straight forward way to display the
constellation in a single plot.
Recently, CAP modulation has received attention in the
research of optical communication [4]–[6] due to the poten-
tially high spectral efficiency and the possibility of generating
the required orthogonal pulses by means of transversal filters.
Two dimensional (2-D)-CAP 8 levels per dimension (8 L/D)
has been demonstrated over polymer optical fiber (POF) in [4],
2-D-CAP 4 L/D employing directly modulated vertical cavity
surface emitting lasers (DM-VCSELs) for wavelength division
multiplexing (WDM) has been experimentally demonstrated
in [5], and 40 Gbps 2-D-CAP 4 L/D has been successfully
generated with transversal filters [6]. Numerical simulations
of higher order dimensionality CAP (3-D, 4-D, and 6-D)
have been presented in [2] for digital subscriber line (DSL)
applications.
In this letter, we present what we believe is the
first experimental demonstration of optical transmission of
3-D-CAP and 4-D-CAP signals using DM-VCSELs. The
signals are successfully transmitted over 20 km of SSMF. For
both 3-D-CAP and 4-D-CAP signals, BER below the limit of
2.8 × 10−3 for error free reception was achieved after 20 km
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TABLE I
RELATIONSHIP BETWEEN L/D, BITS/SYMBOL, TOTAL LEVELS, BIT
RATES, SPECTRAL EFFICIENCY, UPSAMPLING FACTOR, BANDWIDTH
AND SYMBOL RATE OF 3-D-/4-D-CAP SIGNALS AT 2 L/D AND 4 L/D
Signal
3-D
2 L/D
3-D
4 L/D
4-D
2 L/D
4-D
4 L/D
Bits/symbol 3 6 4 8
Total levels 8 64 16 256
BR (Mb/s)
including 7%
FEC overhead 468.75 937.5 416.67 833.3
SE (bits/s/Hz) 1.33 2.68 1.04 2.08
Upsampling
factor 8 8 12 12
Bandwidth
(MHz) 350 350 400 400
Symbol rate
(Mbaud) 156.25 156.25 104.16 104.16
of SSMF. For 3-D/4-D-CAP signals at 4 L/D, a bit rate (BR)
of 937.5 Mb/s and 833.3 Mb/s (including the 7% forward error
correction (FEC) overhead) is obtained in the system, while
spectral efficiencies (SE) of 2.68 bits/s/Hz and 2.08 bits/s/Hz
are achieved for 3-D-CAP and 4-D-CAP respectively at
4 L/D. A total bandwidth of 350 MHz and 400 MHz are
required for 3-D-CAP and 4-D-CAP signals. Symbol rates of
156.25 Mbaud and 104.16 Mbaud are achieved for 3-D-CAP
and 4-D-CAP for both 2-D and 4-D L/D. The values of
all parameters are listed in Table I. We believe that this
modulation scheme has the potential to support multiple users
with integrated services for optical fiber systems with directly
modulated VCSELs.
II. HIGH DIMENSIONALITY CAP
The basic idea of the CAP system is to use different signals
as signature waveforms to modulate different data streams.
These waveforms are obtained from frequency domain fil-
ters with orthogonal impulse responses. Fig. 2 shows the
3-D-CAP and 4-D-CAP system. Data in the transmitter is
mapped according to the given constellation by converting a
number of raw data bits into a number of multi-level symbols.
These symbols are upsampled and shaped by the CAP filters in
order to achieve the desired waveforms. Eventhough CAP can
increase the number of levels and dimensions simultaneously,
it cannot be viewed as a straight forward way to increase
the spectral efficiency. For higher dimensionality CAP, the
required samples/symbol ratio is linearly proportional to the
number of dimensions [2]. The upsampling factor therefore
must be increased along with the increase in dimensionality.
This means that the spectral efficiency has not been improved.
The advantage of multi-dimensional CAP therefore lies in the
possibility to flexibly allocate different services to different
users rather than simply increase capacity [2]. From a net-
work perspective, a broadcast-and-select architecture, where
the receiver selects one of the data streams by choosing
the corresponding filter, can be envisaged. Additionally, the
matched filtering can be carried out in the digital domain. As
Fig. 2. CAP transmitter and receiver for 3-D- and 4-D-CAP system.
the dimensionality has been increased, the sampling rate of
the digital to analog converters (DACs) and analog to digital
converters (ADCs) also needs to be increased. Therefore, this
would increase the cost of the system [5] and the receiver
complexity. However, if the CAP filters could be designed in
the analogue domain as in [6] the issue of high performance
DAC/ADCs, could be avoided.
The Hilbert pair which are sine and cosine waveforms used
for 2-D-CAP can not be used for 3-D or 4-D, so a new set of
filters needs to be designed. The filters are added according to
the dimensions that are required in the system. To avoid inter-
dimensional crosstalk; it is vital that the transmitter-receiver
filter combinations satisfy the orthogonality or perfect recon-
struction (PR) criteria. In this experiment, the optimization
algorithm (OA) described in [7] has been applied to extend
the conventional 2-D-CAP scheme to higher dimensionality
and to assure the PR of the filters. The advantage of this
formulation is that the frequency magnitude response of the
transmitter and receiver filters will be identical. Additionally,
it is a straight-forward method to extend the design to higher
dimensionality CAP systems. In equation (1) the variables
fi and g j represents the CAP transmitter and receiver finite
impulse response (FIR) filters respectively.
P( fi )g j = δ˜, i ∈ {1, 2, 3, 4}
P( fi )g j = 0˜, i, j ∈ {1, 2, 3, 4} and i = j (1)
where P( fi ) is a shift matrix that operates on vector fi , δ˜ is
a vector with one unity element and 0˜ is a vector of all zeros.
The optimization algorithm for high dimensionality CAP is
described as follows
min
f1, f2, f3,··· fN
max
(|F1,H P |, |F2,H P |, |F3,H P |, · · · |FN,H P |
) (2)
subject to the PR condition in (1) and
gi = inverse [Fi ] , i ∈ {1, 2, 3, · · · N} (3)
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Fig. 3. 3-D-CAP. (a) Impulse responses and frequency responses. (b) Cross
responses of transceiver filters.
where Fi is the discrete Fourier transform (DFT) of vec-
tor fi . The Fi,H P is the out-of-band portion of the transmitter
response above the fB . The boundary frequency fB is to
ensure the receivers frequency magnitude response will be
exactly the same as the transmitters. This means that the
out-of-band spectral content of the filters is zero. For 1-D
pulse amplitude modulation (PAM), Nyquist has proved that to
avoid inter symbol interference (ISI), i.e., PR condition for one
dimension, a minimum bandwidth of 1/2T is needed, where
1/T is the baud rate. Similarly, for the 3-D-CAP system,
there is a minimum bandwidth ( fB,min) value that will achieve
the PR condition. It has been proven in [7], that fB for the
3-D-CAP system is at least equal to or greater than 3/2T
to preserve the PR condition. In the experiments, the band
limiting condition fB is set to 2/3(2 × fs), where fs is the
sampling rate.
Fig. 3 and 4 show the responses of the digital filters
at the transmitter and receiver for 3-D-CAP and 4-D-CAP
respectively. Fig. 3(a) and 4(a) show the impulse response
and the frequency response for each of the signals. Fig. 3(b)
and 4(b) shows the cross responses of the transmitter-receiver
(transceiver) filters. We observe an impulse at the cross
responses of corresponding filter, for example f1 and g1, f2
and g2, etc and zeros at the other transceivers, for example
f1 and g2, f1 and g3, etc. This means that the filters have
orthogonal impulse responses, and comply with equation (1).
III. EXPERIMENTAL SETUP
Fig. 5 illustrates the experimental setup. An arbitrary wave-
form generator (AWG) with a sampling rate of 1.25 GSa/s
(a)
(b)
Fig. 4. 4-D-CAP. (a) Impulse responses and frequency responses. (b) Cross
responses of transceiver filters.
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Fig. 5. Experimental setup for DM-VCSELs for 3-D- and 4-D-CAP signals
over 20 km of SSMF.
is used to generate the 3-D/4-D-CAP at 2 L/D and 4 L/D
signals. Data in the transmitter is mapped according to the
given constellation by converting a number of raw data bits
into a number of multi-level symbols (i.e 2 L/D or 4 L/D).
Those symbols are upsampled and later shaped (or filtered),
according to the optimization algorithm. The transmitter signa-
ture filters are implemented as fixed FIR filters. A commercial
Raycan VCSEL emitting at 1550 nm have been used. The
VCSEL with 4.5 GHz bandwidth operating at 4 mA bias level
are directly modulated with the CAP signals.
The signal is propagated through 20 km of SSMF with a
total fiber loss of 6.5 dB. A variable optical attenuator (VOA)
is placed after the fiber for bit-error rate (BER) measurements.
The signal is directly detected by a photodetector (PD) and
stored in a digital storage oscilloscope (DSO) with a 40 GSa/s
sampling rate for offline demodulation. At the receiver, the
inversion of the transmission filter is implemented to retrieve
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Fig. 6. BER versus received optical power for (a) 3-D-CAP at 2 L/D and
4 L/D and (b) 4-D-CAP at 2 L/D and 4 L/D.
the original sequence of symbols. The symbols are down
sampled and demapped before the data can be recovered.
Transmission quality was assessed using receiver sensitivity
at a BER of 2.8 × 10−3, since forward error correction (FEC)
may be applied to obtain error free transmission when the 7%
FEC overhead is taken into account.
IV. RESULTS
Fig. 6(a) and (b) presents the BER results obtained for
3-D-CAP and 4-D-CAP signals. Both figures show the varia-
tion of BER in terms of received optical power for 3-D-CAP
and 4-D-CAP. The solid symbols represent optical B2B and
the hollow symbols represent 20 km of SSMF transmission.
Additionally, the square symbols represent the 2 L/D and the
round symbols represent the 4 L/D for 3-D-CAP and 4-D-CAP.
Fig. 6(a) shows that for B2B, the receiver sensitivity at FEC
limit is −19.8 dBm and −17.8 dBm for 2 L/D and 4 L/D
respectively. After 20 km of SSMF transmission, the receiver
sensitivity at the FEC limit is −18.8 dBm for 2 L/D, and
−16.8 dBm for 4 L/D. A 1 dB power penalty is observed
between B2B and 20 km of SSMF transmission. This low
penalty shows that the orthogonality is preserved after 20 km
of SSMF with a total chromatic dispersion of 340 ps/nm.km.
The 3-D-CAP signals are successfully demodulated below the
FEC limit after 20 km of SSMF transmission. This can be
clearly seen from the 2 L/D and 4 L/D constellation diagram
in Fig. 6(a) with a BER of approximately 1×10−3 after 20 km
of SSMF transmission.
Fig. 6(b) illustrates the BER results obtained for 4-D-CAP.
We observe a 0.3 dB (2 L/D) and 1 dB (4 L/D) power receiver
sensitivity between B2B and 20 km of SSMF transmission.
The insets show the received signal constellation with a BER
of approximately 1 × 10−3 for 2 L/D and 4 L/D after 20 km
of SSMF transmission. We attribute the 0.7 dB difference
in penalty between 4-D-CAP 2 L/D and 3-D-CAP 2 L/D to
measurement uncertainties mainly related to the performance
of a free-running un-cooled VCSEL. The 4-D-CAP has lower
sensitivity compared to 3-D-CAP since the additional dimen-
sion filters require additional bandwidth. A 2 dB difference
in B2B receiver sensitivity is observed between the 2 L/D
and 4 L/D for 3-D-CAP and 4-D-CAP. This is due to the
dimensionality, greater receiver complexity and the increased
receiver interference energy.
V. CONCLUSION
We have experimentally investigated and successfully
demonstrated multi-dimensional multi-level 3-D/4-D-CAP
transmission over 20 km of SSMF with DM-VCSELs. Spectral
efficiencies of 2.68 bits/s/Hz and 2.08 bits/s/Hz for 4 levels
per dimension are reported for 3-D-CAP and 4-D-CAP
at bit rates of 937.5 Mb/s and 833.3 Mb/s respectively. The
flexibility of CAP provided by an increase in the number of
dimensions can potentially be utilized to allocate different
services to different users. On the other hand, our results
shows that the high dimensionality CAP requires excess
bandwidth due to the higher upsampling factor. This results
in a decreased spectral efficiency. This tradeoff between
the flexibility and spectral efficiency needs to be considered
in the system design. Future work of high dimensionality
CAP at higher bit rates will be carried out to investigate the
tradeoff of the CAP signals with DM-VCSELs.
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